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ABSTRACT
Context. The formation of massive (O-type) stars through the same accretion processes as low-mass stars appears problematic,
mainly because of the feedback massive stars provide to the environment which halts the accretion. In order to constrain theoretical
models of high-mass star formation, observational signatures of mass accretion in O-type forming stars are desirable. The high-mass
star forming region NGC7538 IRS1 (distance=2.7 kpc) is an ideal target, because VLBI measurements of CH3OH masers recently
identified a triple system of high-mass young stellar object (YSOs) in the region: IRS1a, IRS1b, and IRS1c. The first two YSOs
appears to be surrounded by rotating disks.
Aims. We want to characterize physical conditions and kinematics of circumstellar molecular gas around O-type young stars. Sub-
arcsecond resolution observations of highly-excited lines from high-density tracers are useful, since these probe the hottest and densest
gas, which presumably is close to O-type forming stars, i.e. in disks and innermost portions of envelopes.
Methods. Using the Karl Jansky Very Large Array (JVLA), we have mapped the hot and dense molecular gas in the hot core associated
with NGC7538 IRS1, with ∼0.′′2 angular resolution, in seven metastable (J=K) inversion transitions of ammonia (NH3): (J,K)=(6,6),
(7,7), (9,9), (10,10), (12,12), (13,13), and (14,14). These lines arise from energy levels between ∼400 K and ∼1950 K above the
ground state, and are observed in absorption against the HC-HII region associated with NGC7538 IRS1. The CH3OH JK= 132-
131 and CH3CN (2-1) lines were also included in our spectral setup, but only the former was detected. We also obtained sensitive
continuum maps at frequencies between 25 and 35 GHz.
Results. For each transition, we produced resolved images of total intensity and velocity field, as well as position-velocity diagrams.
The intensity maps show that the NH3 absorption follows closely the continuum emission. With a 500 AU linear resolution, we resolve
the elongated North-South NH3 structure into two compact components: the main core and a southernmost component. Previous
observations of the radio continuum with a 0.′′08 (or 200 AU) resolution, resolved the compact core in two (northern and southern)
components. The velocity maps of the compact core show a clear velocity gradient in all lines, which is indicative of rotation. It is
possible that the rotation is not in an accretion disk but in a (circumbinary) envelope, containing ∼40 M⊙ (dynamical mass). The core
in fact hosts a binary system of massive YSOs, associated with the two (northern and southern) components of the radio continuum,
which have a separation of about 500 AU and velocities around –59 km s−1 and –56.4 km s−1, respectively. The southernmost
component, separated by 1000 AU and resolved in our NH3 maps (0.′′2 beamsize) from the core, is associated with a third massive
YSO, with a velocity around –60 km s−1. These features correspond to the triple system of high-mass YSOs IRS1a, IRS1b, and
IRS1c. In addition, we derive rotational temperatures, NH3 column densities, H2 gas densities, and gas masses from the NH3 data.
Surprisingly, measurements of the hyperfine structure show total optical depths of 10-26 even for these highly-excited lines, among
the largest found so far in hot NH3 in high-mass star forming regions. From ratios of optical depths as well as rotational temperature
diagrams of the observed ortho and para transitions, we derive a rotational temperature ∼ 280 K, NH3 column densities ∼ 1.4 −
2.5 × 1019 cm−2, total H2 volume densities ∼ 3.5 − 6.2 × 1010 cm−3 and a total gas mass in the range of 19–34 M⊙ (the latter two
assume [NH3]/[H2]=10−7), for the main core. For the southern component, we derive a temperature of 110 K, a molecular density of
∼ 0.7 − 2 × 1010 cm−3 and a gas mass in the range of 4–12 M⊙.
Conclusions. We conclude that NGC7538 IRS1 is the densest hot molecular core known to date, containing a rotating envelope which
hosts a multiple system of high-mass YSOs, possibly surrounded by accretion disks. Future JVLA observations in the A-configuration
are needed to resolve the binary system in the core and may allow to study the gas kinematics in the accretion disks associated with
individual binary members.
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1. Introduction
The standard theory of low-mass star formation predicts that pro-
tostars form from the gravitational collapse of molecular cores
and mass accretes onto the protostar via an accretion disk (e.g.,
Send offprint requests to: C. Goddi,
e-mail: goddi@jive.nl
Shu et al. 1987). However, whether the formation of high-mass
(O-B type) stars follows a similar process is still a matter of
debate. The main difficulty arises because the intense radia-
tion pressure from the stellar luminosity and the thermal pres-
sure from the HII region around the massive young stellar ob-
jects (YSOs) may be sufficient to reverse the accretion flow
and prevent matter from reaching the star. Recent theoretical
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studies have however demonstrated that the radiation pressure
problem can be solved if accretion occurs through a circum-
stellar disk continuously fed from an infalling envelope (e.g.,
Kuiper et al. 2010, 2011), thus explaining the formation of stars
up to 140 M⊙. Despite the theoretical evidence, while a hand-
ful of disk candidates in B-type protostars (M < 20 M⊙) has
been reported in the literature in recent years (Moscadelli et al.
2013; Sánchez-Monge et al. 2013; Cesaroni et al. 2007; Zhang
2005; Beuther et al. 2005, and references therein), there have
been no clear evidence for accretion disks around more mas-
sive O-type stars so far (Qiu et al. 2012). Likewise, evidence for
bulk infall motions has been presented only towards a few lu-
minous star forming regions, mostly based on observations of
inverse P-Cygni profiles of molecular lines along the line-of-
sight to a bright background (dust or HII emission), with red-
shifted absorption and blueshifted emission (Zhang & Ho 1997;
Sollins & Ho 2005; Beltrán et al. 2006, 2011). The problem is
that O-type stars are mostly found at large distances (>1 kpc)
and deeply embedded inside dense massive cores (likely con-
taining protoclusters), therefore confusion generally precludes
establishing whether the globally infalling (and rotating) mate-
rial in the clump, on scales of tens of thousands of AU, would
feed a central cluster of lower-mass protostars or accrete onto a
single O-type star (e.g., Sollins & Ho 2005; Beltrán et al. 2011).
In order to resolve and "decouple" individual rotating disks from
the infalling envelopes, infall and rotation should be measured
in the proximity (<1000 AU) to individual protostars. This has
been done so far only in a few YSOs with intermediate-mass
(<20 M⊙) using molecular masers observed with Very Long
Baseline Interferometry (VLBI), which provide the gas 3D ve-
locity field on AU scales (e.g., Matthews et al. 2010; Goddi et al.
2011b).
Therefore, observational signatures of mass accretion in O-
type forming stars remain one of the main issues in observational
high-mass star formation (HMSF). From an observational point
of view, two elements are key: the high angular resolution and
the choice of the molecular tracer. In this context, sub-arcsecond
resolution observations of highly-excited lines from high-density
tracers are useful, as they enable to probe the hottest and dens-
est gas, which presumably lies at small radii from O-type form-
ing stars, i.e. around centrifugally-supported disks and/or in-
falling envelopes. Traditionally, accretion signatures have been
searched using molecular transitions in the (sub)mm regime
(e.g., Beltrán et al. 2005). These transitions however can only
probe outer parts of disks/envelopes where dust optical depth
is low, but cannot penetrate the innermost regions, where dust
emission is optically thick and, hence, dominates over molecu-
lar emission at a given frequency. We argue instead that observa-
tions of optically thin, highly-excited molecular lines at λ ∼1 cm
could be more effective than (sub)mm interferometry in probing
the innermost regions of disks/envelopes around OB-type young
stars.
1.1. JVLA Imaging of Highly Excited Inversion Transitions of
NH3in High-mass Star Forming Regions
NH3 has a symmetric top structure which produces inversion
doublets as the nitrogen nucleus oscillates through the plane of
the hydrogen nuclei. The frequencies of the transitions between
two states of an inversion-doublet depend on the total angular
momentum J and its projection on the molecular axis, K, and are
therefore described by the pair of quantum numbers (J,K): K =
0, 3, 6, 9, 12... defines ortho-NH3 and K = 1, 2, 4, 5, 7... defines
para-NH3. The non-metastable (J , K) levels decay downward
quickly (A ∼ 10−2 sec−1 ), populating the metastable (J = K)
levels. The metastable levels cannot radiatively decay and are
collisionally excited, thus multiple transitions can be used to
calculate the kinetic temperature (Tkin) using a rotational dia-
gram analysis (Ho & Townes 1983). Therefore, NH3 is an ex-
cellent "thermometer" of dense molecular gas. From a chemi-
cal viewpoint, two basic chemical properties make NH3 unique.
Like other nitrogen bearing species (e.g. N2H+), it is not eas-
ily depleted and is therefore prominent in quiescent cloud cores.
Moreover, with a dust evaporation temperature of about 100 K,
hydrogenated nitrogen-bearing molecules like NH3, copiously
synthesized in dust grain mantles, can be extremely abundant
in the gas phase in the neighborhood of recently formed O-type
stars. But perhaps the most appealing aspect of NH3 among all
is that it can trace excitation up to temperatures of ∼2000 K by
observing its inversion transitions within a relatively narrow fre-
quency range, 20 – 40 GHz (e.g., Ho & Townes 1983).
Observations of highly excited NH3 inversion lines present
multiple advantages. i) The high excitation temperatures im-
ply that these transitions trace the hottest molecular gas in the
vicinity of the central YSO(s) rather than the cold gas in the
circumstellar envelopes. ii) Molecular transitions in the cm-
regime tend to be optically thin and can more easily probe the
innermost disk/envelope regions than the (sub)mm lines (e.g.,
Krumholz et al. 2007). iii) Measuring infall is easier in cm lines
than in the mm regime, because the molecular gas can be seen
in absorption against the bright continuum background of H II
regions, and the absorption can be sufficiently strong even when
probed with high angular resolution (the same lines in emission
would be submerged by noise), thus enabling studies of gas kine-
matics at very small scales. iv) The detection of faint lines of
high-density tracers in the (sub)mm spectrum can be severely
affected by blending with stronger transitions from other species
(i.e. line forest); this is not a problem at radio wavelengths.
A first attempt in this direction was a study conducted in the
southern hemisphere with the Australia Telescope Compact Ar-
ray (ATCA) in a small sample of HMSF regions (Beuther et al.
2007; Beuther & Walsh 2008; Beuther et al. 2009). This study
revealed clear signatures of rotation and/or infall motions in
about half of the observed sample, but did not identify Keple-
rian signatures or even flattened structures resembling accretion
disks in any of the sources, at least on the linear scales probed
by ATCA (103 − 104 AU). Besides the limited angular resolu-
tion (typically 0.′′5-2′′), the ATCA study was limited to just two
lines, the (4,4) and (5,5), of modest excitation (Eu <400 K),
which turned out to have high optical depths, preventing reason-
able rotational temperature estimates. A step forward was taken
by Goddi et al. (2011a), who used the JVLA in C-configuration
(0.′′7 beamsize, 300 AU) to image for the first time the NH3 lines
(6,6) to (12,12) (with Eu =400-1500 K) in the Orion Hot Core.
The multi-transition data set enabled to produce resolved images
of the integrated intensity, velocity field, rotational temperature
and column density of NH3. This in turn enabled small-scale in-
vestigation of kinematics and physical conditions of hot gas, and
eventually identification of sources responsible for heating the
famous Orion Hot Core (Goddi et al. 2011a).
We have started a program with the Karl Jansky Very Large
Array (JVLA) at λ ∼1 cm to observe highly-excited inversion
lines of NH3 toward Galactic hot molecular cores. The sample
has been selected from a survey conducted with the Effelsberg
100-m telescope (Mauersberger et al. 1986). All the selected tar-
gets are among the most luminous HMSF regions in the Galaxy
(with L∼ 105−7 L⊙), containing clusters of OB-type stars, and are
associated with compact HII regions and hot molecular cores. So
Article number, page 2 of 16
C. Goddi et al.: Hot NH3 around O-type Young Stars: I. NGC7538 IRS1
far, we have obtained data for NGC7538 IRS1 and the W51 com-
plex, while W3(OH), Sgr B2 (N), and G10.62 will be observed
between the end of 2014 and 2015.
The key goal of the program is to examine the kinematics and
physical conditions of hot gas at very small radii from young O-
type stars, through the combination of subarcsecond resolutions
and the high temperatures required to excite high-JK lines.
1.2. NGC7538 IRS1
This paper is the first in a series of NH3 multilevel imaging
studies in well-known HMSF regions and focuses on NGC
7538 IRS1. At a distance of 2.7 kpc (Moscadelli et al. 2009), this
YSO has a luminosity equivalent to an O6/7 ZAMS star (8× 104
L⊙) and a mass of about 30 M⊙ (e.g., Akabane & Kuno 2005).
Recently, a number of interferometric studies conducted with
increasing angular resolution, at 1.3 mm with SMA (3′′ beam-
size, Qiu et al. 2011), at 1.3 and 3.4 mm with SMA and
CARMA (0.′′7 beamsize, Zhu et al. 2013), and at 0.8 mm with
PdBI (0.′′2 beamsize, Beuther et al. 2013) and SMA (2′′ beam-
size, Frau et al. 2014), detected several typical hot-core species,
showing inverse P-Cygni profiles, probing inward motion of the
dense gas toward IRS1 with ˙M ∼ 10−3 M⊙ yr−1 on scales &1000
AU. Radio and mm studies also identified several outflows ema-
nating from IRS1, along north-south or N-S (Gaume et al. 1995;
Sandell et al. 2009), northwest-southeast or NW-SE (Qiu et al.
2011), and northeast-southwest or NE-SW (Beuther et al. 2013),
respectively. The simultaneous presence of a jet/outflow and
strong accretion flow toward IRS 1, led some authors to pos-
tulate the presence of an accretion disk surrounding IRS 1,
whose evidence is mainly based on VLBI imaging of methanol
masers (Minier et al. 1998; Pestalozzi et al. 2004; Surcis et al.
2011). Competing models have been however proposed by
different groups, to explain positions and l.o.s. velocities of
CH3OH maser spots in the region, involving disk/outflow sys-
tems with different orientations. Based on multi-epoch VLBI
observations of methanol masers, Moscadelli & Goddi (2014)
measured line-of-sight velocities, proper motions, and acceler-
ation of individual maser spots in the region, building a detailed
model of the 3D dynamics of molecular gas in IRS1. Based on
this model, they proposed the existence of a multiple system
of massive YSOs surrounded by accreting disks and possibly
driving different outflows. Despite the detailed dynamical model
from masers, the kinematics of thermal molecular gas as well as
its physical conditions at small radii (<1000 AU) from the excit-
ing YSO(s) are largely unknown.
Using the JVLA, we imaged at a resolution of 0.′′15–0.′′3
seven NH3 lines with energy levels high above the ground state
(equivalent to 400-1950 K), from (J, K)=(6,6) to (14,14), in
NGC7538 IRS1. A partial dataset/analysis were presented in
Moscadelli & Goddi (2014). In this article we present a full re-
port on the results and a complete analysis of the NH3 data.
2. Observations and Data Reduction
Observations of NH3 towards NGC7538 IRS1 were conducted
using the JVLA of the National Radio Astronomy Observatory
(NRAO)1 in B configuration. By using the broadband JVLA K-
and Ka-band receivers, we observed a total of seven metastable
inversion transitions of NH3: (J, K)=(6,6), (7,7), (9,9), (10,10),
(12,12), (13,13), (14,14) at 1 cm (25-35 GHz). Transitions were
1 NRAO is a facility of the National Science Foundation operated un-
der cooperative agreement by Associated Universities, Inc.
observed in pairs of (independently tunable) basebands during
6h tracks (two targets per track) on three different dates in 2012:
the (6,6) and (7,7) lines on May 31 at K-band, the (9,9) and
(13,13) lines on June 21, and the (10,10) along with the CH3CN
(2–1) transition on August 7, both at Ka-band. The (12,12) and
(14,14) transitions were observed in a 30 min track on Decem-
ber 21 (2013), as part of a test aimed at measuring the abso-
lute position of the phase-reference source (see below). Table 1
summarizes the observations and reports frequencies of all the
observed transitions. Each baseband had 8 sub-bands with a
4 MHz bandwidth per sub-band (∼40 km s−1 at 30 GHz) and 128
channels per sub-band, providing a total coverage of 32 MHz
(∼320 km s−1 at 30 GHz) and a channel separation of 31.25 kHz
(∼0.3 km s−1 at 30 GHz). In December 2013, the JVLA corre-
lator was more flexible, allowing different settings for different
sub-bands, therefore we used a 16 MHz bandwidth and 1024
channels with a separation of 15.6 kHz for the sub-bands con-
taining the lines, and 128 MHz bandwidth with 128 channels for
the remaining sub-bands for the continuum. Typical on-source
integration time was 53 min in the 2012 tracks, and 7 min in the
2013 track (thus the different rms sensitivity reported in Table 1).
Each transition was observed with “fast switching”, where
60s scans on-target were alternated with 60s scans of the nearby
(3◦) QSO J2339+6010 (measured flux density 0.2–0.3 Jy, de-
pending on frequency). We derived absolute flux calibration
from observations of 3C 48 (Fν = 0.5 − 0.7 Jy, depending on
frequency), and bandpass calibration from observations of 3C 84
(Fν = 24 − 28 Jy, depending on frequency).
The data were edited, calibrated, and imaged in a standard
fashion using the Common Astronomy Software Applications
(CASA) package. We fitted and subtracted continuum emis-
sion from the spectral line data in the uv plane using CASA
task UVCONTSUB, combining the continuum (line-free) sig-
nal from all eight sub-bands around the NH3 line. We performed
self-calibration of the continuum emission (typically, two phase-
cycles and one amplitude-cycle), providing continuum images
with an integrated flux density and a 1σ rms around 400 mJy
and 0.2–0.3 mJy beam−1, from 25 to 36 GHz, respectively. We
then applied the self-calibration solutions from the continuum to
the line datasets. Using the CASA task CLEAN, we imaged the
NGC7538 region with a cell size of 0.′′04, covering a 8′′ field
around the phase-center position: α(J2000) = 23h13m45.s4,
δ(J2000) = +61◦28′10”. We adopted Briggs weighting with
a ROBUST parameter set to 0.5 for all transitions observed in
2012, resulting in a synthesized clean beam FWHM of 0.′′15–
0.′′27 and an RMS noise level per channel of ∼1.5–3 mJy beam−1
(depending on frequency). In order to boost sensitivity in the
images of the (12,12) and (14,14) lines (integrated over only
7 min), we used natural weighting, which resulted in slightly
larger beams. For all transitions, we smoothed the velocity reso-
lution to 0.4 km s−1. Table 1 summarizes the observations.
Since the position of the phase calibrator, J2339+6010, was
only accurate within 0.′′15, according to the VLA Calibrator
Manual2, we conducted a 30 min test in December 2013 to check
the astrometry of our NH3 maps, observing J2339+6010 and
NGC7538 in the fast-switching mode using QSO J2230+6946
as a calibrator. We measured a positional offset of ∆α ∼ −0.′′01,
∆δ ∼0.′′16 from the nominal position of J2339+6010 reported in
the VLA catalog. All the NH3 maps of NGC7538 IRS1 reported
in this paper were shifted accordingly to the measured offset.
2 http://www.vla.nrao.edu/astro/calib/manual/csource.html
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Table 1. Parameters of JVLA Observations toward NGC7538 IRS1.
Transitiona νrest El/kb Date JVLA Synthesized Beam RMSc
(J,K) (MHz) (K) (yyyy/mm/dd) Receiver θM(′′) × θm(′′); P.A.(◦) (mJy/beam)
(6,6) 25055.96 408 2012/05/31 K 0.26 × 0.23; +45 1.3
(7,7) 25715.14 538 2012/05/31 K 0.25 × 0.22; +45 1.5
(9,9) 27477.94 852 2012/06/21 Ka 0.23 × 0.21; +30 2.3
(10,10) 28604.75 1035 2012/08/07 Ka 0.22 × 0.20; +40 3.3
(12,12) 31424.94 1455 2013/12/21 Ka 0.33 × 0.21; −76 5.5d
(13,13) 33156.84 1691 2012/06/21 Ka 0.19 × 0.17; +35 2.3
(14,14) 35134.28 1945 2013/12/21 Ka 0.30 × 0.19; −76 6.0d
Other molecular transitions
CH3OHe 27472.53 234 2012/06/21 Ka 0.22 × 0.20; +30 2.4
CH3CN f 36793.71 10 2012/08/07 Ka 0.18 × 0.15; +3 4.0
Notes.
(a) Transitions include ortho-NH3 (K = 3n) and para-NH3 (K , 3n).
(b) Energy above the ground from the JPL database.
(c) RMS noise in a ∼0.4 km s−1 channel.
(d) The rms noise in the maps of transitions (12,12) and (14,14) is higher than other lines, because only 7 min on-source were spent in December
2013 (53 min were typically spent in the 2012 tracks). In order to boost sensitivity, in imaging the (12,12) and (14,14) lines we used natural
weighting (as opposed to Briggs weighting), which resulted in slightly larger beams.
(e) The JK= 132-131 line of CH3OH was detected in the same baseband as the NH3 (9,9) line.
(f) The CH3CN (2-1) line was observed in a separated baseband paired with the NH3 (10,10) line, but was not detected.
3. Results
For the first time we have mapped the hot NH3 gas from
metastable transitions (6,6) up to (14,14) with 0.′′3-0.′′15 reso-
lution towards NGC7538 IRS1. These transitions are observed
in absorption against the strong HC-HII region associated with
NGC7538 IRS1. In particular, we observed three ortho (6,6;
9,9; 12,12) and four para (7,7; 10,10; 13,13; 14,14) transitions,
with lower-state energy from approximately 400 K to 1950 K3.
This enables us to probe various temperature components of the
hottest molecular gas in the region. Remarkably, for the lower-
excitation lines, from (6,6) to (9,9), we even detect pairs of hy-
perfine quadrupole satellites, which enabled direct estimation of
the optical depth (see § 4.1).
Besides NH3, we detected also the JK= 132-131 line of
CH3OH (with a rest frequency of 27.47253 GHz). The CH3CN
(2-1) line included in our bandwidth (with a rest frequency of
36.79371 GHz) was not detected.
The parameters of all the observed transitions are reported in
Tables 1 and 2.
For each transition, we derived spectral profiles (Sect. 3.1),
maps of total intensity (Sect. 3.2) and velocity field (Sect. 3.3),
position-velocity diagrams (Sect. 3.4), and velocity-channel cen-
troid maps (Sect. 3.5).
3.1. Spectral Profiles
For each transition, we produced spectra by mapping each spec-
tral channel and summing the flux density in each channel map
(Figures 1, 2). Since we resolve IRS1 in the central core and a
southern component (see § 3.2 and Fig. 3), we extracted spec-
3 It is worth noting that the (13,13) and (14,14) lines are at 1691 K and
1945 K above the ground, and therefore provide the lines with the high-
est energy above the ground state ever imaged with an interferometer so
far (these lines have been detected with the 100-m telescope in Orion
BN/KL and Sgr-B2 by Wilson et al. 1993 and Huettemeister et al. 1995,
respectively).
tral profiles towards both components of the radio continuum.
In the core, multiple transitions of NH3, from (6,6) to (12,12),
show similar central velocities (Vc =–59.1 to –59.4 km s−1),
and FWHM line-widths (∆V1/2=7.1–8.3 km s−1) of the main hy-
perfine component, as determined from single-Gaussian fits (Ta-
ble 2). We assume –59.3 km s−1 as the systemic velocity of the
core. The most highly excited lines, the (13,13) and (14,14) lines,
display larger line-widths (10 km s−1 and 13 km s−1) and more
redshifted central velocities (–58.2 km s−1 and –58.8 km s−1).
This may reflect lower signal-to-noise ratio in the Gaussian fit-
ting. Alternatively, these differences may reflect dynamical prop-
erties of the hottest molecular gas, expected to be closer to the
central YSO and therefore to move faster. A third possibility is
the presence of multiple velocity components. Figure 1 (lower
panel) shows in more detail the profiles of the main hyper-
fine component from different NH3 transitions towards the core.
These profiles show indeed two main velocity components, the
dominant one, around –59.3 km s−1 (the systemic velocity), and
a weaker one, around –56.4 km s−1, which appears to become
more comparable to the main component with higher excitation
energy (for the 13,13 line they show similar strengths). This ex-
plains the progressive increase of the central velocity (and line-
width) with the excitation energy, when only one Gaussian is
employed for the fit of the spectral profiles. The two velocity
components are also evident in the CH3OH spectral profile to-
wards the core (see Figure 2). Since in the case of CH3OH the
relative intensity of the weaker component is higher with respect
to the lower excitation NH3 lines, single-Gaussian fitting pro-
vides a more redshifted central velocity (see Table 2). Besides
the presence of two components, the profiles are quite symmet-
ric and can be reasonably fitted by a Gaussian profile4.
4 We also attempted a two-component fitting, which reported smaller
line-widths, ∼3 km s−1 and ∼5–6 km s−1 for the dominant and weaker
component, respectively. However, since the NH3 spectral profiles
show, besides the main component, a hyperfine structure with two ex-
tra pairs of weak satellites, the signal-to-noise ratio in the latter did not
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Table 3. Parameters of the hyperfine components of NH3 inversion lines observed toward NGC7538 IRS1.
Line ∆νHF ∆VHF ams Fpeak ∆V1/2 Fint Opacity
(J,K) (MHz) (km s−1) (Jy) (km/s) (Jy km/s) (τ)
Inner Outer Inner Outer
Core Component
(6,6) ±2.24 ±2.62 ±26.9 ±31.4 0.0081 -0.060 7.6 -0.4 26
(7,7) ±2.34 ±2.68 ±27.3 ±31.2 0.0060 -0.022 6.6 -0.2 22
(9,9) ±2.48 ±2.75 ±27.0 ±30.1 0.0037 -0.010 6.9 -0.06 10
Southern Component
(6,6) ±2.24 ±2.62 ±26.9 ±31.4 0.0081 -0.007 4.5 -0.034 12
(7,7) ±2.34 ±2.68 ±27.3 ±31.2 0.0060 -0.002 5.2 -0.012 10
Notes. The frequency separations (∆νHF , cols. 2 and 3) of the four satellite components can be calculated using quantum mechanics formalism for
a symmetric molecular rotor. The corresponding velocity separations (∆VHF ) are also reported in cols. 4 and 5. ams (col. 6) is the theoretical ratio
of the satellite line to the main line strengths. Fpeak, Fint, and ∆V1/2 were fitted simultaneously for all the hyperfine quadrupole satellite components
assuming a Gaussian shape for each of the hyperfine lines. The values reported in the table are average values of the four Gaussians fitted to the
HFS satellites. τ (col. 10) is the line opacity estimated numerically with Equation A.1.
Table 2. Parameters of the NH3 inversion lines observed toward
NGC7538 IRS1.
Line Fpeak Vc ∆V1/2 Fint Fcont
(J,K) (Jy) (km/s) (km/s) (Jy km/s) (Jy)
Core Component
(6,6) -0.236 -59.3 8.3 -2.1 0.34
(7,7) -0.208 -59.4 7.4 -1.6 0.34
(9,9) -0.194 -59.1 7.8 -1.6 0.34
(10,10) -0.135 -59.2 7.1 -1.0 0.37
(12,12) -0.113 -59.3 7.9 -0.95 0.34
(13,13) -0.048 -58.2 10 -0.52 0.46
(14,14) -0.032 -58.8 13 -0.45 0.42
CH3OH -0.155 -58.9 5.9 -0.98 0.34
Southern Component
(6,6) -0.060 -59.7 5.6 -0.36 0.07
(7,7) -0.046 -59.8 4.4 -0.21 0.07
(9,9) -0.029 -59.5 4.4 -0.14 0.07
(10,10) -0.013 -59.4 4.3 -0.06 0.07
CH3OH -0.044 -59.6 4.6 -0.22 0.07
Notes. The peak fluxes (Fpeak, col. 2), the central velocities (Vc; col. 3),
the FWHM line-width (∆V1/2; col. 4), and the velocity-integrated flux
(Fint; col. 5) are estimated from single-Gaussian fits to the spectral pro-
files shown in Figures 1 and 2. The core shows actually a stronger com-
ponent around -59 km s−1 and a weaker component around -56 km s−1,
the latter becomes more comparable with the stronger component at
higher excitation energies. This partly explains the different velocity-
centroids and line-widths at different excitations. The table reports also
the continuum emission flux density at the corresponding frequency of
the inversion line (Fcont; col. 6).
warrant two-component fitting, resulting in very unreliable estimates of
physical parameters (see § 4), such as the optical depth, calculated from
the satellite to the main line intensity ratio (this implies that a small er-
ror in the line intensity of the satellite results in a large change in the
opacity). Therefore, in the analysis presented in this paper we adopted
one component fitting.
Our results are consistent with previous spectroscopic stud-
ies. Based on CARMA and SMA observations, Zhu et al. (2013)
report a similar value of –59.5 km s−1 for the systemic veloc-
ity, employing low-excitation lines at 1.3 mm (Eup ∼ 70 − 500
K), but also find an average peak velocity of –58.6 km s−1, using
more highly excited (and more optically thin) lines at 0.86 mm.
Interestingly, the spectral profile of the 13CO (2-1) line shows
multiple velocity components in absorption, with the strongest
ones at –59 km s−1 and –57 km s−1, consistent with our find-
ings. Similar velocity components are observed in absorption
in many other molecules imaged with the PdBI at 1.36 mm
(e.g., OCS 18-17, HC3N 24-23, NH2CHO 10-9, CH3OH 4-3;
Beuther et al. 2012, their Fig. 7). Finally, Knez et al. (2009) ana-
lyzed high-resolution mid-IR spectra with absorption lines from
several molecules (C2H2, CH3, CH4, NH3, HCN, HNCO, CS)
and found two Doppler shift components at –59.7 km s−1 and
–56.4 km s−1, very close to the values observed in NH3.
These velocities also correspond to the velocity-centroids of two
methanol maser clusters separated by 0.′′2 as imaged with VLBI
(Moscadelli & Goddi 2014).
Previous single-dish observations of the (7,7) inversion line
with the Effelsberg 100-m telescope, provided a line flux den-
sity of ∼260 mJy (assuming an equivalence relation K=0.86 Jy;
Mauersberger et al. 1986), so we recovered more than 80% of
the single-dish flux density. Therefore, we can safely assume that
most of the flux density for transitions from (6,6) to (14,14) is re-
covered by the JVLA B-array. This is not surprising considering
that these transitions arise from levels >400 K above the ground
and are seen in absorption against the compact HII region.
Owing to interaction with the quadrupole moment of the ni-
trogen nucleus, each NH3 inversion line is split into five com-
ponents, a “main component” and four symmetrically spaced
“satellites”, which make up the quadrupole hyperfine structure
(HFS). The relative intensities and frequency separations of the
four satellite components can be calculated using quantum me-
chanics formalism for a symmetric molecular rotor (see Table 3).
The four satellite components are predicted to have nearly equal
intensities, at least in LTE. In NGC7538 IRS1, we found promi-
nent hyperfine satellite lines in the lower-excitation doublets,
from (6, 6) to (9, 9), spaced ∼27-31 km s−1 from the main com-
ponents (Figure 1). We used five-component Gaussian models to
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Fig. 1. Spectra of various NH3 inversion transitions integrated over the
compact core only of NGC7538 IRS1. Spectral profiles for transitions
(6,6), (7,7), (9,9), (10,10), (12, 12), (13,13), and (14,14) are shown in
the same panel, where an offset in flux density of 0.02 Jy is applied to
transitions adjacent in energy, to better display individual profiles. The
lower state energy levels of transitions shown here are ∼ 408 − 1947 K
(see Table 1). The velocity resolution is 0.4 km s−1. (Upper panel) The
hyperfine satellite lines, separated by ∼ ±24 − 31 km s−1 (see Table 3),
are clearly detected for the (6,6), (7,7), and (9,9) lines. (Lower panel) A
narrower velocity range is displayed here, in order to better evidence the
line profiles of the main hyperfine component of each inversion transi-
tion. The vertical dashed lines indicate the two main velocity compo-
nents at –59.3 km s−1 and 56.4 km s−1 (see text).
Fig. 2. Spectral profile of the JK= 132-131 line of CH3OH (νrest =
27.473 GHz), integrated over the core component (black line) and the
southern spherical component (grey line). The vertical dashed lines in-
dicate velocities of –59.3 km s−1 and 56.4 km s−1, corresponding to the
two main velocity components in the core (see text). The velocity reso-
lution is 0.4 km s−1.
fit the HFS in each of those inversion transitions, where we fixed
their velocity separations according to the calculated values (Ta-
ble 3). Fitting of HFS was done in CLASS, part of the GILDAS
software5. The (calculated and measured) line parameters of the
hyperfine components are given in Table 3. Despite the fact that
the satellites are well resolved from the main lines, each pair
of satellites has components with a frequency difference of only
∼0.3-0.4 MHz or 3-5 km s−1, therefore they are blended together.
For this reason, we refrain from using these satellite components
to study the gas kinematics.
3.2. Total Intensity Maps
We produced total intensity images of the main component
of various NH3 inversion transitions, integrated over their
line-widths. In Fig. 3, the integrated intensity images of
NH3 (contours) are overlaid on the continuum emission at the
corresponding frequency of the inversion line (black images).
The NH3 absorption follows closely the continuum emis-
sion, as expected. In particular, for lower excitation transitions,
(6,6; 7,7; 9,9), the absorption is extended N-S across ∼ 1′′×0.7′′
(1900 × 2700 AU), and reveals two main condensations of hot
molecular gas associated with different peaks of the radio con-
tinuum emission, the "core" and the "southern spherical" com-
5 see http://www.iram.fr/IRAMFR/GILDAS
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Fig. 3. Total intensity images of seven inversion transitions of NH3 as well as the CH3OH line, as observed toward NGC7538 IRS1 with the JVLA
B-array. Contours of the NH3 line absorption are overplotted on the continuum emission (black image) at the frequency corresponding to each line.
The contours represent factors 1, 3, 6, 12,....(afterwards, they are spaced by 10) of –20 mJy beam−1, for all transitions. The images were integrated
over the velocity range –71 km s−1 to –47 km s−1, covering only the main hyperfine component. The line to continuum ratio decreases from 0.7
for the (6,6) transition to 0.1 for the (13,13) line (Table 2) . For the (6,6), (7,7), and (9,9) lines we overplotted also the absorption from one pair
of hyperfine components (red contours). The velocity resolution was smoothed to 0.4 km s−1 for all transitions. The images were constructed with
a 0.′′04 pixel for all transitions. No flux cutoff was applied. The synthesized beams (0.′′17–0.′′33) are shown in the lower left corner of each panel
(see Table 1). The lower state energy levels of transitions shown here are 408-1947 K.
ponents identified by Gaume et al. (1995) at 1.3 cm. The highest
excitation NH3 lines, (12,12) and upwards, originate exclusively
from the core of the radio continuum and probe the hottest gas
associated with the hot molecular core in NGC7538 IRS1. The
southern spherical component has the weakest integrated absorp-
tion and it is not detected in the highest-JK transitions, indicat-
ing lower temperatures and/or densities (see § 4). A detection
of the satellite hyperfine components in the (6,6) and (7,7) lines
indicates that also this southern component is optically thick, al-
though the estimated opacity values are lower than those for the
central core (Table 3, § 4.1).
We fit an elliptical Gaussian to the strong core component. In
all transitions, the component is fairly compact and we obtain an
average deconvolved FWHM size of 0.′′24×0.′′14. At the source
distance of 2.7 kpc, this angular size corresponds to a linear size
of ∼500 AU.
3.3. Velocity Field Maps
We also derived the kinematics of the molecular gas associated
with IRS1. In Figure 4, we show the intensity-weighted velocity
fields (or first moment maps), for all NH3 transitions as well as
the CH3OH line. In the figure, the velocity (in colors) is superim-
posed on the total intensity map (in contours), for each transition.
Remarkably, the NH3 absorption towards the core shows an
apparent velocity gradient in each line, with redshifted absorp-
tion towards NE and blueshifted absorption towards SW with re-
spect to the hot core center (with the exception of the 14,14 line).
The velocity gradient is at a position angle [P.A.] ∼30–40◦, and
has a magnitude ∆V ∼ 5 → 9 km s−1, going from the lower-
excitation to the higher excitation lines. A velocity gradient at
the same position and with similar orientation and amplitude was
measured by Zhu et al. (2013) from SMA images of high-density
tracers such as the OCS (19-18), CH3CN (12-11), and 13CO (2-
1) lines with 0.′′7 angular resolution, and by Beuther et al. (2013)
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Fig. 4. Velocity fields of seven inversion transitions of NH3 as well as the CH3OH line, as measured toward NGC7538 IRS1 with the JVLA
B-array. The 1st moment maps (images) are overlaid on the total intensity 0th moment maps (contours). Colors indicate VLS R in km s−1. The
images were constructed with a 0.′′04 pixel for all transitions. The contours represent factors 1, 3, 6, 12,....(afterwards, they are spaced by 10) of
–20 mJy beam−1, for all transitions. A flux cutoff of –7 to –11 mJy beam−1 (∼ 3 − 4σ) was used for various transitions, except the (12,12) and
(14,14) transitions, for which the cutoff was set to 20 mJy beam−1. Note that different velocity scales are used in different panels; in particular,
color scales are expanded towards higher velocities with increasing quantum number to clearly show the redshifted absorption, e.g., NH3 (13,13).
All transitions show a velocity gradient NE-SW from NGC7538 IRS1, at approximately 30–40◦ (depending on transition), with the exception of
the (14,14) line. The synthesized beams (0.′′17–0.′′33) are shown in the lower left corner of each panel (see Table 1).
in PdBI images of highly excited lines such as the HCN (4–3) v2
= 1 and the CH3OH (151,14–150,15) transitions. The NH3 (14,14)
line is an exception, since it shows an apparent velocity gradient
along the SE-NW direction.
Interestingly, the NH3 velocity gradient becomes apparently
steeper with the excitation energy (Figure 4), as one would ex-
pect if gas closer to the star moves faster. The most natural ex-
planation for the observed velocity gradient would be a rotating
disk. However, as discussed in § 3.1, multiple velocity compo-
nents are present, which may mimic the presence of a velocity
gradient or alter its orientation/amplitude, if a gradient is truly
present. We will discuss these points in § 3.5 and 5.2.
3.4. Position-Velocity Maps
To investigate the nature of the motion in NGC7538 IRS1, we
present position-velocity (pv) plots of the NH3 inversion lines in
Figures 5 and 6. The cuts are taken at the peak of the NH3 core
along the direction of the main velocity gradients observed in
the velocity field maps, P.A. = 35–40◦. The velocity gradients
noticed in the velocity maps are evident in the pv-diagrams as
well. It is instructive to compare different lines. While the lower-
excitation lines, (6,6), (7,7) and even the (9,9), are dominated
by a strong central component around –59 km s−1, with increas-
ing excitation energy several components become evident, with
the most prominent, besides the one at –59 km s−1, at –56,–
57 km s−1 (e.g., Fig. 6). This is consistent with the spectral pro-
files and suggests the presence of multiple individual objects
moving at slightly different l.o.s. velocities (see discussion in
§ 5.1).
Figure 6 shows an overlay of pv-diagrams for the most
highly-excited lines: (J,K) = (9,9), (10,10), (12,12), and
(13,13)6. While the presence of a velocity gradient is clear from
this plot, there is no evident steepening of the gradient with ex-
citation energy. In fact, different transitions seem to occupy the
same locus in pv-space. It is worth noting that while the struc-
ture in the negative velocity - negative offset quadrant could in
principle be consistent with Keplerian rotation, the asymmetry in
the opposite quadrant indicates a more complex (non-Keplerian)
profile.
3.5. Velocity-channel centroid maps
Although the core of NGC7538 IRS1 is not resolved in our
NH3 images (with a resolution of 0.′′2 or 500 AU), when ob-
served with the VLA in A-configuration (with a resolution of
0.′′08 or 200 AU), the 1.3 cm continuum is resolved in two com-
ponents, 0.′′2 apart (Moscadelli & Goddi 2014). In the following
of this Section, we refer to these two components as "northern"
and "southern" components7.
6 We excluded the (14,14) lines because of a too low signal-to-noise
ratio.
7 The latter should be distinguished from the southern spherical com-
ponent, first identified by Gaume et al. (1995), separated by 0.′′4 or 1000
Article number, page 8 of 16
C. Goddi et al.: Hot NH3 around O-type Young Stars: I. NGC7538 IRS1
Fig. 5. Position-velocity diagrams of the (J,K) = (6,6), (7,7). (9,9),
(10,10), (12,12), (13,13), (14,14) lines as well as the CH3OH line ob-
served with the JVLA B-array towards NGC7538 IRS1. The cut is taken
at the peak of the NH3 core with a P.A. = 40◦ for the NH3 (6,6), (7,7).
(9,9), and CH3OH lines, and P.A. = 35◦ for the NH3 (10,10), (12,12),
(13,13), and (14,14). The contours are drawn at steps of –0.008 Jy
beam−1 starting from -0.004 Jy beam−1. The images were constructed
with a 0.′′04 pixel for all transitions. Only the main hyperfine line is
shown for each transition. The vertical dashed lines indicate the veloci-
ties of –59.3 and 56.4 km s−1. The P.A. is measured from North to East.
In order to compare more in detail the structure and veloc-
ity distribution of the NH3 gas with the higher resolution contin-
uum emission, we made velocity-centroid maps by performing
two-dimensional Gaussian fitting to the absorption peak in in-
dividual velocity channels maps. The positional uncertainty of
the absorption centroids is proportional to the synthesized beam
size and is inversely proportional to the signal-to-noise ratio of
the channel maps. With typical signal-to-noise ratios of 10–100,
the positional accuracy is estimated to be of order of a few mas
(the formal errors in the Gaussian fitting, 1σ =0.′′001–0.′′02, are
consistent with this expectation). Therefore, Gaussian-fitting the
positions of the absorption peaks in individual spectral channels,
enables us to “super-resolve” the NH3 gas distribution and to bet-
ter compare it with the higher resolution continuum emission.
Figure 7 shows positions, velocities, and the intensity of the
absorption peaks in different velocity channels for each individ-
AU from the core, from which is resolved in our NH3 images with 0.′′2
resolution.
Fig. 6. Overlay of position-velocity diagrams of the (J,K) = (9,9),
(10,10), (12,12), (13,13) lines observed with the JVLA B-array towards
NGC7538 IRS1. The cut is taken at the peak of the NH3 core with a P.A.
= 35◦, except the (9,9) line (taken at P.A. = 40◦). The image shows the
pv-diagram for (9,9) line. The contours are -0.004, –0.012, –0.024 Jy
beam−1 for all transitions, except the (9,9) transition that shows only the
contour at -0.004 Jy beam−1 and the (12,12) transition that shows only
the contours at –0.012 and –0.024 Jy beam−1, respectively. The vertical
dashed grey lines indicate the velocities of –59.3 and 56.4 km s−1. The
P.A. is measured from North to East.
ual inversion line, overlaid on the 1.3 cm continuum imaged with
the VLA in A-configuration8.
Figure 7 illustrates four points: 1) The absorption of all the
NH3 lines is mainly distributed N-S, in between the northern
and southern components of the core. 2) The absorption oc-
curs at well separated velocities, being redshifted (in the range
–56 to –50 km s−1) in the northern component, and blueshifted
(in the range –65 to –57 km s−1) in the southern component.
3) The strongest absorption occurs at blueshifted velocities (peak
around –59 km s−1) towards the southern component. 4) The ab-
sorption in between the two continuum peaks shows that the gas
velocity steadily increases, going from the southern to the north-
ern component.
There are remarkable differences between the velocity-
centroid maps of Fig. 7 and the 1st moment maps in Fig. 4.
First, in the intensity-weighted velocity maps the largest velocity
gradients (with the most redshifted absorption) are observed in
the highest excited lines, going from (–61, –56 km s−1) for the
(6,6) line to (–61, –52 km s−1) for the (13,13) line, suggesting a
potential steepening of the velocity gradient with the excitation
energy (see § 3.3 and Fig. 4). The velocity-centroid maps show
instead a similar spatial distribution and velocity extent of the
NH3 absorption peaks among the various inversion lines, indi-
cating a similar velocity gradient for lines at different excitation.
Second, in the 1st moment maps the higher velocities are sup-
pressed because of weaker signal, while the channel peak maps
reveal the full extent of the gradient, from ≈ −65 km s−1(at the
center of the southern peak) to ≈ −50 km s−1(close to the north-
ern peak). Finally, the orientation of the velocity gradient seems
to change from NE-SW in the 1st moment maps (Figure 4) to
close to N-S in channel peak maps (Fig. 7). We ascribe these
8 In Figure 7 we do not show the more southern component, sepa-
rated by ∼0.′′4 from the core, shown in our VLA-B array images (see
Figures 3 and 4).
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differences to the blending of two (spatially) unresolved veloc-
ity components. In particular, the intensity-integrated velocity in
1st moment maps over pixels of weaker signal, e.g. around the
northern component of the radio continuum, could be heavily
contaminated by nearby (within the synthesized beam) stronger
absorption at different velocities, e.g. coming from the southern
component of the radio continuum. For these reasons, we con-
sider the velocity field traced by the velocity-centroid maps more
reliable than the intensity-integrated velocity maps.
We conclude that the real velocity gradient in the IRS1 core
is close to N-S and has an extent of ∼15 km s−1. We also note
that, since different inversion lines show similar spatial and ve-
locity structure, the high optical depths at lower excitation do not
spoil the study of gas kinematics.
4. Physical Conditions of the Molecular Gas
Using the parameters measured for the seven NH3 inversion tran-
sitions observed in NGC7538 IRS1, we can estimate the physical
conditions of the NH3 gas, such as optical depth, kinetic tem-
perature (Tkin), and column density. In the assumption of LTE
(i.e., the metastable inversion lines are thermalized), we can de-
rive the optical depth from fits to hyperfine satellites, the col-
umn density from the knowledge of the excitation temperature
(Tex) and the opacity, and the kinetic or rotational temperature
(Trot) from column densities of individual metastable levels, ei-
ther with rotational temperature diagrams (RTDs) or ratios of in-
dividual transitions (Ho & Townes 1983). The methods as well
as the formalism adopted to analyze the NH3 data are described
in detail in Appendix A.
4.1. Optical Depths
We detected prominent hyperfine pairs of satellite lines spaced
∼ 27− 31 km s−1 from the main component, respectively, for the
(6,6), (7,7), and (9,9) transitions in the core and the (6,6) and
(7,7) lines in the southern component (Table 3). The mere pres-
ence of measurable hyperfine satellites in the profiles of highly
excited transitions indicates very large optical depths. Their val-
ues can be estimated using the theoretical values of the ratio of
the satellite line to the main line strengths, ams, reported in Ta-
ble 3 (assuming LTE), and comparing them with the measured
values (numerically solving Equation A.1).
Toward the core of IRS1 we derive optical depths in the range
10-26 from the (9,9) down to the (6,6) line, whereas towards the
southern component we estimate 12 and 10 for the (6,6) and (7,7)
lines, respectively (see Table 3). Wilson et al. (1983) estimated
22 and 34 for the (5,5) and (6,6) lines observed with the Effels-
berg 100-m telescope, consistent with our JVLA measurements.
With spacings of ∼ 27−31 km s−1 and linewidths of <10 km s−1,
these satellite lines can be well resolved from the main line, but
since the lines in each pair of satellites have a frequency dif-
ference of only ∼0.3-0.4 MHz or 3-5 km s−1, they are blended
together, making harder an accurate estimate of linewidths. Our
estimate of optical depths is affected by this systematics.
Unfortunately, we do not have direct estimates of opacities
in the highest excited transitions (12,12 for ortho; 10,10; 13,13
and 14,14 for para), for which the satellite lines were too weak.
For these lines, we used either the measurements in the lower
excitation lines to extrapolate the opacity values in the higher
excitation lines or the measured line to continuum ratio. These
methods are described in Appendix A.1. Using Equations A.2
or A.3, we obtained much lower values than those directly esti-
mated from the satellites to main lines flux ratios, in the range
0.08–0.7 going from the (14,14) to the (10,10) line. An indica-
tion that the more highly excited lines are more optically thin
comes from the measured values of line to continuum ratios.
According to Table 2, this ratio indeed decreases from 0.7 for
the (6,6) transition to 0.1 for the (13,13) line. Nevertheless, we
warn that a lower estimate of optical depths in these lines may
systematically boost the derived temperatures (see next section).
4.2. Rotational Temperatures and Column Densities
We estimated rotational temperatures and column densities of
the molecular gas using a standard analysis on NH3 data (e.g.,
Ho & Townes 1983). The relevant equations are reported in Ap-
pendix A.2.
Ortho- and para-NH3 have different spin-alignment states,
so transitions between para- and ortho-NH3 are forbidden, and
the two behave as separate species (Cheung et al. 1969). In prin-
ciple, there could be deviations from their LTE abundance ratio
of 1 (e.g., Goddi et al. 2011a). Therefore, where possible we es-
timated temperatures using at least two lines of either para or
ortho NH3.
We consider the central core first. We have direct measure-
ments of the opacity only for the lowest-JK lines: (6,6), (7,7),
(9,9), therefore the most reliable temperature/density estimates
come from these lines. Using the (6,6) and the (9,9) lines,
we measured a rotational temperature for the absorbing gas,
Trot∼290 K, and an NH3 column density over excitation tem-
perature NH3/Tex ∼ 5 × 1016 cm−2/K, using both the ratio of
the opacities (Eq. A.6) and the RTD (Eq. A.8). When including
in the RTD the para (7,7) transitions (assuming an ortho-to-para
ratio of 1), we obtain a slightly lower Trot∼260 K and a higher
NH3/Tex ∼ 7.0 × 1016 cm−2/K. Allowing for a slightly higher
value of ortho-to-para ratio of 1.5 (Goddi et al. 2011a), we ob-
tain Trot∼280 K and NH3/Tex∼ 9 × 1016 cm−2/K.
For more highly excited lines, we have only poorly con-
strained lower limits to the opacities. Using the three higher
para lines (10,10), (13,13), (14,14), we estimate Trot∼ 510 K
and NH3/Tex∼ 3 × 1015 cm−2/K. Using line ratios, we obtain
Trot∼ 330 K, NH3/Tex∼ 6 − 9 × 1015 cm−2/K, and Trot∼ 460 K,
NH3/Tex∼ 3 − 5 × 1015 cm−2/K, for the (10,10)-(13,13) and
(13,13)-(14,14) pairs, respectively. If these highly excited lines
were still optically thick, both line ratios and RTDs would over-
estimate the Trot and underestimate the column densities. On the
other hand, the higher temperatures are not surprising, since
these lines have generally higher level energies (1500-2000 K
above the ground), so may be more sensitive to hotter gas, pro-
viding rotational temperature closer to the real kinetic tempera-
ture of the gas. Therefore, if the (13,13) and (14,14) lines were
optically thin, then their ratio would reflect the true temperature,
indicating the presence of gas with temperatures up to 500 K.
Adopting Trot=280 K and assuming Tex=Trot, we obtain a
column density of ∼ 1.4 − 2.5 × 1019 cm−2, averaged on scales
.0.′′2. This value is an order of magnitude higher than estimated
by Wilson et al. (1983), who observed the non-metastable (J,K)
= (2,1) line with the 100-m telescope (therefore their value is
averaged on much larger scales, ∼40′′).
In the southern component, we detected only the (6,6), (7,7),
(9,9), and (10,10) lines, and we have direct estimates of opacities
only for the (6,6) and (7,7) lines. Using an RTD over the first
three transitions, we obtain Trot∼ 100 K and NH3/Tex ∼ 8.0 ×
1016 cm−2/K. Including also the (10,10) line, we obtain Trot∼
120 K and NH3/Tex ∼ 5.0 × 1016 cm−2/K. A ratio of the (6,6)
and (9,9) ortho-lines, provide similar values: Trot∼ 120 K and
NH3/Tex ∼ 3×1016 cm−2/K. Adopting Trot=110 K and assuming
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Fig. 7. Centroids of NH3 absorption fitted in individual velocity channels (open squares), overlaid on the 1.3 cm continuum map (black image
and white contours) imaged with the VLA in A-configuration (Moscadelli & Goddi 2014). Color denotes line-of-sight velocity (color scale on
the right-hand side). The sizes of squares scale linearly with the flux density of NH3 absorption. The relative alignment between NH3 and 1.3
cm continuum is accurate to ∼30 mas. Note that with a linear resolution of 200 AU, the compact core is resolved in two (northern and southern)
components, that are unresolved in our VLA B-array images (Figures 3 and 4). The southernmost component, separated by ∼0.′′4 from the core, is
not shown here. Note that the NH3 absorption distributes between the two peaks of the radio continuum, shows a velocity gradient roughly N–S,
and is strongest towards the southern component of the radio continuum.
Tex=Trot, we estimate a column density of ∼ 3 − 9 × 1018 cm−2,
averaged on scales .0.′′2. This is consistent with the southern
component being at lower temperature and density, with respect
to the central core, as predicted by Moscadelli & Goddi (2014)
based on methanol masers.
As a final note, there are a couple of systematics that may
affect the physical condition analysis. First, we assume that the
different metastable lines fill the same volume. Although we are
probing relatively small scales, of order of a thousand AU, it is
reasonable to expect that the lower excitation lines, such as the
(6,6) doublet, fill a larger volume than the higher excitation lines.
In fact, this seems to be the case, with the lowest-JK transitions
showing a more uniform N-S distribution in the core and the
highest-JK transitions concentrating preferably around the two
radio continuum peaks, as resolved in the VLA A-configuration
images (see Fig. 7 and discussion in § 5.2). Second, the ab-
sorption lines are seen against the continuum, which is opti-
cally thick (Sandell et al. 2009) and therefore its structure may
change slightly between 25 and 35 GHz: this may potentially
affect the line intensities. We argue however that both system-
atics should not affect our estimates of physical conditions. In
fact our calculations of rotational temperatures always consider
doublets in adjacent/close energy levels, like the (6,6) and (9,9)
or the (10,10) and (13,13), but not for example the (7,7) with
the (13,13). Therefore we can reasonably assume that the tran-
sitions used to estimated Trot occupy similar volumes. Likewise,
our analysis involves transitions close in frequency (we never
compare transitions at ∼25 GHz with transitions at ∼ 35 GHz),
therefore we do not expect structure changes in the continuum to
affect our temperature estimates.
4.3. Total Mass
We can estimate a volume density of molecular gas and a total
mass of the core in NGC7538 IRS1, by using our estimates of
NH3 column density and assuming a fraction of ammonia with
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respect to molecular hydrogen. For the IRS 1 core, we estimate a
total column density of molecular gas of ∼ 1.4−2.5×1026 cm−2,
using Tex=280 K and assuming [NH3]/[H2]=10−7 (typical value
for hot-cores - e.g., Mauersberger et al. 1986). In the assump-
tion of spherical distribution of the molecular gas within a radius
of 270 AU9, we estimate a molecular density of ∼ 3.5 − 6.2 ×
1010 cm−3 and a total gas clump mass in the range 19–34 M⊙10.
For the southern component, using Tex=110 K and assum-
ing [NH3]/[H2]=10−7, we estimate a molecular density of ∼
0.7 − 2 × 1010 cm−3 and a gas mass in the range 4–12 M⊙.
This mass estimate is consistent with the hypothesis of a high-
mass YSO forming in the southern component, as proposed by
Moscadelli & Goddi (2014).
Our analysis indicates an extraordinary concentration of
mass in a small area, making IRS1 one of the densest hot-cores
known.
4.4. Comparison with previous studies
Assuming thermal equilibrium between the dense gas and dust
and adopting a temperature of 245 K derived from modeling the
CH3CN emission, Qiu et al. (2011) estimated a gas mass of the
core of 20 ± 12 M⊙ over about 2.′′5 (or 6000 AU), and an av-
erage H2 number density of about 107 cm−3 (from the 1.3 mm
dust emission). Beuther et al. (2012) estimates H2 column den-
sity of order of 1026 cm−2, corresponding to an H2 number
density of about 2 × 109 cm−3 averaged over 2000 AU, from
which they estimate a total mass of order of 100 M⊙. Using
dust emission (Tb = 219 K) imaged with the PdBI at com-
parable resolution to our NH3 maps, Beuther et al. (2013) esti-
mates an H2 number density in excess of 109 cm−3 and a mass
of 11–25M⊙ (depending on the assumed dust properties). Since
we zoom in further with our NH3 maps with respect to previ-
ous interferometric studies, we estimate even higher values for
the molecular density (and temperature), confirming the special
nature of the dense hot core in NGC7538 IRS1.
5. Discussion
NGC7538 IRS1 is reported to be one of the rare cases of an
O-type young star displaying the simultaneous presence of a ro-
tating disk, infalling envelope, and outflow. This claim is partly
based on interferometric studies generally affected by insuffi-
cient linear resolution (of an order of a few thousands AU). To
complicate matters, the highest angular resolution studies with
VLBI of methanol masers and mid-IR imaging disagreed on
the disk orientation, postulating a rotation axis either NW-SE
(e.g. Pestalozzi et al. 2004) or NE-SW (e.g. De Buizer & Minier
2005; Surcis et al. 2011). This led to competing models being
proposed to interpret different observations.
Recently, based on high-angular resolution observations of
CH3OH masers with VLBI, Moscadelli & Goddi (2014) pre-
sented convincing evidence that IRS1 is actually a multiple sys-
tem of massive YSOs, which solved the controversy aroused in
9 If we consider the compact core unresolved, the radius is half the
beamsize, ∼0.′′1 or 270 AU. This is approximately the deconvolved
value of the radius obtained from Gaussian fitting the core continuum
emission.
10 We explicitly note that the value of [NH3]/[H2] is known within an
order of magnitude, therefore the estimates of mass and molecular den-
sity are just order-of-magnitude estimates. Likewise, our calculations
assume a fixed [NH3]/[H2] ratio in the core, therefore our analysis ne-
glects the effect of chemistry on the location and abundance of ammonia
molecules.
previous models of the region. While our NH3 data do not re-
solve all the individual YSOs, the multi-transition analysis pre-
sented here have enabled us to probe, for the first time, the kine-
matics and physical conditions of the molecular envelope (host-
ing the multiple) in a wide range of excitation energies, on scales
of 500-2000 AU, thus complementing the picture provided by
VLBI measurements of CH3OH masers on smaller scales.
In the following, we will discuss implications of our
NH3 measurements on the multiple system model (§ 5.1), the
evidence of rotation in the (circumbinary) envelope (§ 5.2), and
signatures of infall/outflow in the hot core on different scales
(§ 5.3).
5.1. A multiple protostellar system in NGC7538 IRS1
With ∼0.′′2 resolution, our NH3 maps clearly resolve IRS1 in the
hot core, where the highest excitation NH3 absorption lines orig-
inate, and a southern component separated by 0.′′4 or 1000 AU
from the core, which shows the weakest integrated absorption
(see Figs. 3, 4). With 0.′′08 resolution, the core component of the
radio continuum is further resolved in a northern and southern
component, 0.′′2 or 500 AU apart (see Fig. 7). The three com-
ponents of the radio continuum are associated with three differ-
ent clusters of CH3OH masers, and Moscadelli & Goddi (2014)
proposed that they identify a multiple system of massive YSOs:
IRS1a, IRS1b, and IRS1c. IRS1c is associated with the most
southern component of the radio continuum and is the least mas-
sive of the three. Consistently, we do not detect IRS1c in the
highest-JK transitions and we estimate lower temperatures and
densities with respect to the core (see § 4). The two YSOs IRS1a
and IRS1b are forming in the core, have a separation smaller
than 500 AU, and move at velocities of –59.5 km s−1 and –
56.4 km s−1, as estimated from CH3OH maser measurements.
While these two objects are not resolved in the intensity and
velocity maps of NH3 (with a resolution of 500 AU), these ve-
locities are in good agreement with the observed peaks in the
spectral line profiles (see Fig. 1) and in the pv-diagrams for dif-
ferent NH3 transitions (see Figs. 5 and 6).
If two YSOs IRS1a and IRS1b are forming in the core,
we expect gas motion both between the two YSOs (in the na-
tal core) and around each individual YSO (in accretion disks).
Moscadelli & Goddi (2014) presented compelling evidence that
both IRS1a and IRS1b are surrounded by rotating disks. Since
their size of 500 AU, as inferred from the masers, is comparable
to the linear resolution of our NH3 observations, we do not re-
solve individual disks. NH3 probes instead dense and hot molec-
ular material rotating in the envelope that is likely feeding the
two accretion disks. A cartoon schematizing this model is pre-
sented in Figure 8. We investigate the kinematic properties of the
NH3 envelope in the next section.
5.2. A rotating (circumbinary) envelope in NGC7538 IRS1
The compact structure of the NH3 core shows a clear velocity
gradient, in both the velocity field maps (Fig. 4) and the position-
velocity plots (Figs 5 and 6), which may be indicative of rota-
tion in the envelope surrounding the two high-mass YSOs IRS1a
and IRS1b. Since the linear size of this envelope is ∼500 AU,
comparable with the separation between IRS1a and IRS1b and
with their disk sizes (Moscadelli & Goddi 2014), the hot gas sur-
rounding the two YSOs is blended in our NH3 maps. While the
observed velocity gradient in the 1st moment maps may be af-
fected by the blending of the two objects, the velocity field from
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Fig. 8. Schematic cartoon illustrating several key features of
NGC7538 IRS1 that are discussed in the Text. 6.7 GHz CH3OH masers
observed with the EVN (filled circles) identify two high-mass YSOs,
IRS1a and IRS1b, surrounded by (quasi-)edge-on disks. The black el-
lipses represent the disk planes, with the solid lines indicating the near-
side and the dashed lines the far-side of the disks. These star-disk sys-
tems reside in the inner cavity of the circumbinary envelope (probed
by hot ammonia), cleared up by the orbital motion of the binary mem-
bers. The cartoon shows only the central section of such a molecular
envelope (supposedly spherical). The gas in the envelope may feed the
circumstellar disks of IRS1a/b (this is however of too high-order com-
plexity to be shown in the cartoon). Colors denote line-of-sight veloci-
ties, with blue indicating blue-shifted emission and red indicating red-
shifted emission, while green represents systemic velocity. Material in
both the disks and the envelope is rotating, in the sense indicated by the
black arrows.
plots of (Gaussian-fitted) channel peak positions is not, since the
two YSOs move at different velocities. Therefore, we consider
the velocity field traced by the velocity-centroid maps more re-
liable than the intensity-integrated velocity maps (as already ar-
gued in § 3.5), and, accordingly, we will base the following dis-
cussion on the former.
A few considerations are in order.
First, the direction of the velocity gradient is close to N–S,
i.e. the direction along the line connecting the two continuum
peaks or YSOs IRS1a and IRS1b. We note that the NH3 velocity-
centroids do not trace material in the individual rotating disks
(which are unresolved in our maps). Rather, each centroid rep-
resents the average velocity of the molecular material that is
orbiting around the two YSOs inside the natal molecular core.
Thefore, the velocity gradient in the NH3 gas between the two
continuum peaks implies that the molecular gas inside the core
rotates on the orbital plane of the binary.
Second, there is no steepening of the velocity gradient with
the increase of the excitation energy. This is inconsistent with
molecular material orbiting around one single central YSO, since
one would naturally expect higher-excitation energy lines to
probe inner radii. But this is still consistent with two “heating
centers”, e.g. one at the northern and one at the southern edge
of the core. In fact, in this case one would expect different tran-
sitions to trace a similar N-S distribution with a size given by
the separation of the two YSOs, and to observe the hottest ma-
terial around each YSO (i.e. around the northern and southern
continuum peaks), and the colder material in between. This is in-
deed what we observe, with the highest-JK transitions showing
weaker absorption in between the two radio continuum peaks,
and the lowest-JK transitions showing a more uniform distribu-
tion (see Fig. 7). This explains also why the pv-diagrams from
different transitions probe similar regions (Figure 6).
A final interesting aspect worth discussing is the velocity
profile. While the observed velocity gradient is consistent with
rotation, the structural asymmetry in different quadrants shown
in the overlay of pv-diagrams from different transitions (Fig-
ure 6), indicates a complex (non-Keplerian) profile. This is not
surprising, since the NH3 absorption in IRS1 is not tracing a ro-
tating disk but rather a flattened rotating envelope, for which we
do not expect a Keplerian profile. Nevertheless, as an order of
magnitude, we could calculate the rotationally supported bind-
ing mass Mbind for the core in NGC7538 IRS1, assuming equi-
librium between the gravitational and rotational force at the outer
envelope radius: Mbind = V2rot R / G sin2(i), where R is the en-
velope radius, Vrot is rotational velocity, and i is the inclination
angle between the rotation axis and the line of sight (i = 90◦
for an edge-on system). Taking as radius half the separation be-
tween the continuum peaks, ∼0.′′1 or 270 AU, and as rotation
velocity the total range in the velocity-centroid maps divided by
2, Vrot ∼7.5 km s−1, the enclosed mass would be ∼ 42/sin2(i) M⊙.
This mass value agrees well with the total (stars + gas) mass es-
timated from the VLBI measurements of CH3OH masers (25 +
16 = 41 M⊙) , for a system close to edge-on. This total mass
is also higher than the gas mass from NH3 column density, 19–
34 M⊙ (§ 4.3), indicating that substantial mass is contained in the
central stars.
We conclude that, although we cannot confirm the presence
of protostellar disks around individual YSOs, the NH3 images
presented here still indicate the presence of a rotating core
of size ∼500 AU, feeding the two smaller disks observed in
CH3OH masers, as schematized in Figure 8.
5.3. Is the NH3 core infalling or outflowing?
Previous interferometric studies on NGC7538 IRS1, have pro-
vided a contradictory picture regarding the dominant motion in
the core, depending on the spatial scales probed.
Lower-resolution NH3 (1,1), (2,2) observations (7–10′′ res-
olution) revealed P-Cygni profiles with blueshifted absorption
(–60 km s−1) toward IRS 1 (e.g., Keto 1991; Zheng et al. 2001).
Since the NH3 absorption is optically thick and therefore pre-
sumably traces gas residing in outer layers in the foreground of
the HII region, the absorption was attributed to outflowing gas
toward the observer (e.g., Zheng et al. 2001). Subsequent higher
resolution (0′′.7-3′′) interferometric studies (Qiu et al. 2011;
Beuther et al. 2012; Zhu et al. 2013), revealed inverse P-Cygni
profiles with redshifted absorption (from –54.6 to –57 km s−1)
in (sub)mm molecular lines from different species, like C18O,
SO, HCN, HNCO, HCO+, OCS, CH3OH, and CH3CN (see for
ex., Figure 8 from Qiu et al. 2011). In these lines, the absorp-
tion comes from dense gas lying in the foreground of the bright
continuum emission from the HII region and moving toward the
source (away from the observer); the emission comes instead
from dense gas residing in the background of the HII region and
moving toward the observer.
How can we reconcile the (contrasting) signatures on small
and large scales? As discussed in Section 5.1, the core of IRS1
hosts two compact objects, IRS1a, the dominant object at sys-
temic velocity (–59.3 km s−1), and IRS1b, a lower mass object
with redshifted velocity (–56.4 km s−1); a third object, IRS1c,
is associated with the southern component of the radio contin-
uum and NH3 absorption, and is moving with blueshifted veloc-
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ity (–59.8 km s−1). In Section 3, based on spectral profiles and
pv-diagrams, we demonstrated that the lower-excitation lines
tracked here, from (6,6) to (9,9), are dominated by the object
at –59.3 km s−1, with some weak emission contributed by the
southern blueshifted YSO IRS1c. With higher excitation energy,
the redshifted component at 56.4 km s−1 becomes more com-
parable to the main component (e.g., for the 13,13 line both
components show similar strengths; see Figure 5), whereas the
blueshifted southernmost component disappears. Based on this
finding, we conclude that the blueshifted absorption observed on
large scales in the NH3 (1,1), (2,2) inversion lines is not trac-
ing outflowing gas, but most probably material associated with
IRS1a and IRS1c. On the other hand, (sub)mm lines of higher
excitation would be sensitive to all (blueshifted and redshifted)
velocity components. The presence of both blueshifted emis-
sion and redshifted absorption in these (sub)mm lines (Qiu et al.
2011; Beuther et al. 2013), indicates that the infall signature is
real.
If the redshifted absorption that we observe in the highly-
excited NH3 inversion lines (with El up to 1950 K) were due
to infall, this would indicate ongoing accretion of very hot and
dense gas across the HII region within a radius of only 270 AU.
While we clearly detect the absorption, our observations are not
however sensitive enough to detect highly excited NH3 in emis-
sion. Therefore, without a full inverse P-Cygni profile we do
not have a reference velocity, and we cannot conclude if the
highly excited NH3 gas is infalling or outflowing. Nevertheless,
recent observations of the HCN (4-3) ν2 = 1 line (Eup ∼ 1000
K) with the PdBI, with an angular resolution of 0.′′2 (compara-
ble with our JVLA measurements), revealed a clear inverse P-
Cygni profile tracing infalling gas at a rate of ≈ 3.6 × 10−3 M⊙
yr−1 (Beuther et al. 2013). Therefore, it may be the case that the
NH3 gas in the core is infalling onto the multiple protostellar sys-
tem at a similar rate.
6. Summary
We imaged the core of NGC7538 IRS1 with the JVLA at a 0.′′2
resolution in seven metastable inversion transitions of ammonia,
which are emitted from doublet levels from about 400 K up to
1950 K above the ground state. We conclude the following:
1. The highly-excited NH3 inversion transitions are observed in
absorption against the strong HC-HII region associated with
NGC7538 IRS1. With the 500 AU linear resolution, we re-
solve the elongated North-South NH3 structure into two com-
pact components, the main core and a southern component.
2. Based on intensity-weighted velocity (or first moment) maps,
the NH3 inversion lines show an apparent velocity gradient
oriented NE–SW, with a total extent of 9 km s−1. This ve-
locity gradient has been already observed in other molecular
transitions and has been interpreted as a rotating disk perpen-
dicular to a known CO outflow. Examining the pv-diagrams,
however, we do not find a Keplerian profile, nor a steepen-
ing of the gradient with increasing line excitation energy (one
would expect warmer gas closer to the central YSO to move
faster). Although this argues against the disk interpretation,
we demonstrate that the velocity gradient still traces gas ro-
tation in the molecular core (rather than in a disk; see item
4).
3. VLBI measurements of CH3OH masers recently provided
compelling evidence that IRS1 is forming a triple system
of high-mass YSOs: IRS1a, IRS1b, and IRS1c. IRS1c, with
a line-of-sight velocity around –60 km s−1, is associated
with the southernmost component of the radio continuum,
separated by a 1000 AU or 0.′′4 from the core, and is
not detected in the highest-JK transitions, indicating lower-
excitation temperatures. The two YSOs IRS1a and IRS1b,
embedded in the hot molecular core, are associated with two
resolved components of the radio continuum imaged with
0.′′08 (or 200 AU) resolution, have a separation smaller than
500 AU or 0.′′2, and move at velocities around –59 km s−1
and –56 km s−1, respectively. While these two objects are not
resolved in the intensity and velocity maps of NH3, with a
resolution of 500 AU, these velocities are in good agreement
with the observed peaks in the spectral line profiles and in
the pv-diagrams for different NH3 transitions. JVLA observa-
tions in the A-configuration are needed to resolve the binary
system in the core with a separation of 500 AU.
4. Resolved images of NH3 absorption peak positions in indi-
vidual spectral channels (fitted with Gaussians) identify a ve-
locity gradient close to N–S, i.e. the direction along the line
connecting the two components of the radio continuum sep-
arated by 500 AU or 0.′′2. This reflects the global rotation of
the natal massive core, in the orbital plane of the binary com-
posed by the two high-mass YSOs IRS1a and IRS1b. With
an apparent extent of ∼ 15 km s−1, this velocity gradient cor-
responds to an enclosed mass in the core of ∼ 42 M⊙ (as-
suming the NH3 gas is rotating in centrifugal equilibrium),
in good agreement with the total dynamical mass estimated
from VLBI measurements of CH3OH masers (41 M⊙).
5. From simple LTE analysis, the molecular gas in the core has
a temperature of 280 K, with a potential hotter component
up to 500 K. The H2 density is over 1010 cm−3 (assuming
[NH3]/[H2]=10−7), making NGC7538 IRS1 the densest hot
core known. We also estimate a gas mass from NH3 of
19–34 M⊙ for the core, which is lower than the "total"
(stars + gas) dynamical masses estimated from NH3 and
CH3OH masers. The southern component has a lower temper-
ature, around hundred K, but similar (though lower) molecu-
lar gas density.
This study on NGC7538 IRS1, demonstrates that high-
angular (i.e. a few tenths of arcseconds) resolution imaging of
high-excitation lines of NH3 at ∼1 cm wavelengths are well
suited to study the kinematics and physical conditions of the
hottest and densest molecular gas in the vicinity of the central
high-mass YSO(s), that is in accretion disks and the innermost
regions of circumstellar envelopes. Our observational program
at the JVLA aims to apply the analysis presented in this paper
to a sizable sample of very luminous Galactic hot molecular
cores hosting O-type YSOs. The ultimate goal is to characterize
observationally the mass-accretion process in the most massive
young stars.
Appendix A: Methods to estimate the physical
conditions of the NH3 gas
In this Appendix, we describe the methods and formalism we
adopted to estimate the physical conditions, such as optical
depth, rotational temperature, and column density, of the NH3
gas.
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Appendix A.1: Optical Depth Analysis
When both the main line and the hyperfine satellites are de-
tected, the line opacity of one specific inversion transition can
be estimated numerically by comparing the measured and theo-
retical ratios of the satellite line to the main line strengths (e.g.,
Ho & Townes 1983):
Fmain
Fsat
=
1 − e−τ
1 − e−amsτ
(A.1)
(the theoretical values ams are reported in Table 3).
This method assumes that the hyperfine satellites are op-
tically thin, a reasonable assumption since the relative line
strengths of the satellite lines are a very small fraction of the
main line intensity (<1% for the (6,6) and upper transitions).
For the highest excited transitions, the satellite lines are too
weak to be directly detected. For those lines, two indirect meth-
ods can be used for estimating the optical depths. In the cases
where τ(J1, K1) can be measured for an adjacent lower state,
τ(J2, K2) for the higher state can be deduced from the ratio of
the observed brightness temperatures or integrated fluxes (e.g.,
Ho & Townes 1983):
τ(J2, K2) = log
1 − (F(J2, K2)ν
2
1
(F(J1, K1)ν22
× (1 − e−τ(J1,K1))
 (A.2)
In alternative, the optical depth can be computed from the
measured line to continuum ratio using the relation:
τ(J, K) = − log
[
1 − F(J, K)
Fcont
]
(A.3)
where F(J, K) is line peak flux and Fcont is the continuum
flux integrated in the area of the absorption line. Here, we as-
sume that the source "covering factor" (the fraction of the con-
tinuum covered by the NH3 absorbing cloud along the line-of-
sight) is close to unity since the radio continuum emission is
compact towards the core. This method works best if the optical
depths are low. In case of high opacities, however, F(J, K)/Fcont
is close to unity, therefore the exact value of τ becomes very
uncertain.
Both methods may provide lower estimates of the optical
depths, which in turn may systematically boost the derived tem-
peratures.
Appendix A.2: Temperature and column density analysis
The NH3 populations can be described in terms of different tem-
peratures. The excitation temperature, Tex, characterizes the rel-
ative populations of the lower and upper levels of a (J,K) inver-
sion doublet, according to the Boltzmann distribution: Nu/Nl =
gu/gle
(Eu−El)/Tex
. The rotational temperature, Trot, characterizes
the ratio of the populations of two (J,K) doublets. Since the
metastable populations can only be exchanged by collisions (ra-
diative transitions are forbidden between K levels), character-
ized by the kinetic temperature, Tkin, there is a direct relation be-
tween Trot and Tkin, with Trot close but generally lower than Tkin.
When collisions dominate the excitation and radiative processes
are unimportant, the population reaches local thermal equilib-
rium (LTE), and it is customary to assume Tex=Trot=Tkin. This
assumption is generally valid for metastable inversion lines (e.g.,
Walmsley & Ungerechts 1983), and in general for hot molecular
cores, which have typical densities > 107 cm−3. In the following
analysis, we therefore assume that a single excitation tempera-
ture (equal to a kinetic temperature), describes all the observed
metastable transitions.
The column density of one optically thick NH3 inversion line
in absorption may be found from the line optical depth:
N(J, K) = 1.6 × 1014 J(J + 1)
K2
∆v
ν
τ Tex (A.4)
where N(J, K) is in cm−2, ∆v is the linewidth (in km s−1), ν is the
transition frequency (in GHz), Tex is the excitation temperature
(in K), and τ is the line opacity (e.g., Huettemeister et al. 1995).
In order to find the total column density, we assume that all
the energy levels are populated according to a Boltzmann distri-
bution, characterized by a single Trot. The total column density
of NH3 can then be expressed as:
N =
N(J, K)
g(J, K) Q(Trot) e
El/Trot (A.5)
where g(J, K) = gop (2J + 1) are the statistical weights (gop = 1
for para- and gop = 2 for ortho-transitions), Q(Trot) is the parti-
tion function, and El is the lower state energy of the (J,K) transi-
tion (in K). Therefore, assuming Boltzmann statistics, we need to
estimate Trot in order to estimate N. We use two different meth-
ods.
The rotational temperature between two different levels can
be derived in terms of the ratio of their optical depths (e.g.,
Ho & Townes 1983):
τ(J2, K2)
τ(J1, K1) =
=
ν2(J2, K2)
ν2(J1, K1)
∆v(J1, K1)
∆v(J2, K2)
Tex(J1, K1)
Tex(J2, K2)
µ2(J2, K2)
µ2(J1, K1)
g(J2, K2)
g(J1, K1) (A.6)
× e(E2−E1)/Trot
where µ2(J, K) = µ2 K[J(J+1)] are the dipole matrix elements, E1
and E2 are the lower state energies of the (J1, K1) and (J2, K2)
doublets, and Trot is the rotational temperature between them.
Once Trot is known, we can use Equations A.4 and A.5 to derive
an NH3 column density.
When more than two transitions are observed, we can use
RTDs, where the rotational temperature and the column density
are measured simultaneously. Rearranging Equation A.5 and us-
ing Equation A.4 for the column density N(J, K), we have:
1.6 × 1014 J(J + 1)
K2
1
gop ∗ (2J + 1)
∆v
ν
τ =
N
TexQ(Tkin) e
−El/Tkin(A.7)
Taking the natural logarithm of both sides, we find:
log
[
1.6 × 1014 J(J + 1)
K2
1
gop ∗ (2J + 1)
∆v
ν
τ
]
= log
N
TexQ(Trot) −
El
Trot
(A.8)
Equation A.8 shows that the logarithm of the left member
is a linear function of El (if all transitions have the same Tex),
with slope −1/Trot and intercept log NTexQ(Trot) at El = 0. We can
then determine Trot and N from a least squares fit of lower state
energy to the optical depth for different transitions in log space.
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